Abstract Circadian rhythms play a central role in diverse physiological phenomena and the recent years have witnessed the identification of a number of genes responsible for the maintenance of these rhythms. One of these is the Clock gene, which was first identified in mouse and subsequently in a large number of organisms, including humans. The human Clock gene has been proposed as a possible candidate for disorders affected by alterations of circadian rhythm, including bipolar disorder and schizophrenia. This gene contains a highly conserved polyglutamine motif, that in humans is coded for by CAG repeats. In view of the involvement of CAG repeat expansion in a number of neuro-psychiatric disorders, we have sought to determine the polymorphism status of CAG repeats at the Clock locus in humans. Our analysis of 190 unrelated individuals, who included patients suffering from bipolar disorder and schizophrenia, indicated that the repeat, which consisted of 6 CAG triplets, was not polymorphic in humans. An analysis of the repeat in non-human primates and other organisms revealed that the glutamine stretch is shortest in humans and baboons, and longest in Drosophila and zebrafish. A study of various Drosophila species revealed that the repeat number is highly polymorphic, ranging from 25 to 33 pure glutamine repeats. Unlike most other microsatellites, the CAG repeat stretch at the Clock locus in humans is smaller than its homologues in non-human primates. We propose that glutamine repeat size is functionally important in this gene and thus tightly regulated. The variation in repeat number is probably deleterious to the individual, resulting in the maintenance of a short and invariable repeat structure in the human population.
Introduction
Circadian rhythms underlie diverse biological functions in living systems and help organisms synchronize their activities with the 24-h periodicity of night and day. The recent years have witnessed significant progress in the elucidation of the molecular mechanisms responsible for circadian rhythms, brought about primarily by the identification of genes that play a central role in their generation and maintenance (Wilsbacher and Takahashi 1998; Wager-Smith and Kay 2000) . The first of such genes to be discovered in a mammalian system was the mouse Clock gene King et al. 1997) . Subsequent to its discovery in mice, homologues of the gene were cloned in a variety of organisms, including Drosophila and humans, and showed a remarkable degree of conservation across species (Allada et al. 1998; Whitmore et al. 1998; Abe et al. 1999; Steeves et al. 1999) . The human Clock gene codes for an 846-amino-acid protein and is 96% identical to its mouse orthologue (Steeves et al. 1999) . The gene encodes a novel member of the basic helix-loop-helix (bHLH)/PAS family of transcription factors, and the Drosophila homologue of this gene has been shown to induce transcription of two other circadian rhythm genes, per and tim (Darlington et al. 1998; Steeves et al. 1999 ). The C terminal portion of this protein contains a glutamine-rich region, part of which, in humans, is encoded by a continuous stretch of 6 CAG repeats (Steeves et al. 1999 ).
Trinucleotide repeats, in particular CAG repeats, have been the focus of a great deal of interest in the recent years, because instability of these sequences have been implicated in an ever-growing list of neurological disorders (Cummings and Zoghbi 2000) . Unlike conventional mutations, where changes in the DNA sequence are stably inherited, these so-called "dynamic mutations" result in an alteration of the number of repeat units when transmitted from one generation to the next. While the normal population shows polymorphism for repeat number, instability and subsequent disease is observed only when the repeat number exceeds a threshold value of approximately 40 repeat units (Brahmachari et al. 1995; Reddy and Housman 1997) . In cases where the CAG repeats are part of the coding regions of the disease genes, they code for glutamine, and repeat expansion results in long polyglutamine tracts, which are thought to play a central role in the pathogenesis of these disorders (Ross et al. 1999) . Normal variations in glutamine repeats have also been implicated in psychiatric disorders, such as schizophrenia and bipolar disorder (Chandy et al. 1998; Saleem et al. 1998; Saleem et al. 2000; Vincent et al. 2000) . While there have been few reports of expansions in the range seen in disorders caused by trinucleotide repeat expansions, most reports have indicated a trend towards larger repeats within the normal range in patients with psychiatric disorders (Vincent et al. 2000) .
The human Clock gene is an attractive candidate for a large number of diseases because of the importance of circadian rhythms in human physiology. Alterations of circadian rhythms have been reported in a number of psychiatric disorders, such as schizophrenia, major depression and bipolar disorder, and Jain (1995) proposed that studying genes involved in circadian rhythms may be crucial to our understanding of bipolar disorder (Wehr and Rosenthal 1989; Wirz-Justice et al. 1997; Jain 1995) . A seasonal increase in admissions for mania is often reported from temperate zones, where fluctuations of light and temperature are larger, while this is less commonly reported from tropical areas (Wehr and Rosenthal 1989; Jain et al. 1992) . Phototherapy and artificial alteration of the zeitgeber can treat depression and cause a switch into mania in susceptible individuals (Wehr et al. 1979 ). The range of disturbances seen in bipolar disorder suggests that disruption of an endogenous rhythm may be a basic pathology in its origin (Mitterauer 2000) . A single nucleotide polymorphism (SNP) in the 3' untranslated region (UTR) of the human Clock gene was reported to be associated with diurnal preferences (Katzenburg et al. 1998 ). This SNP was also studied in patients with major depression; however, no association was found (Desan et al. 2000) . The presence of a CAG-repeat stretch may also make this gene susceptible to repeat expansion, as seen in the other disorders caused by trinucleotide repeat instability. An essential feature of all these disease genes is the polymorphic nature of CAG repeats in the normal population (Cummings and Zoghbi 2000) . The first step to assess a locus as a candidate for repeat expansion is to determine whether the repeats at this locus are polymorphic in normal individuals. Furthermore, it has also been suggested that these repeat sequences are a source of quantitative variation, and alterations in glutamine number may also modulate the functioning of the Clock protein, as occurs in other proteins containing glutamine repeats (Tut et al. 1997; Irvine et al. 2000) . We have, therefore, analysed the range of CAG repeats at the human Clock locus in the normal population. We have also looked for CAG repeat variation in patients suffering from bipolar disorder and schizophrenia, as these diseases are associated both with alterations in circadian rhythms and perhaps also with CAG repeat instability. To understand the mechanisms involved in the evolution of the CAG repeats at this highly conserved locus, we have analysed the CAG repeat structure in non-human primates and other organisms in which this gene has been identified.
Materials and methods
CAG-repeat polymorphisms were tested in 190 unrelated Indian individuals, comprising 111 normal individuals, 50 bipolar patients and 29 patients suffering from schizophrenia. Bipolar and schizophrenia samples were obtained from the National Institute of Mental Health and Neurosciences, Bangalore. These patient samples have been used in earlier published studies (Saleem et al. 1998; Saleem et al. 2000) and informed consent was obtained from all individuals before extraction of blood.
The following species of non-human primates were used in the analysis of CAG repeats at the Clock locus: chimpanzee (Pan troglodytes), gorilla (Gorilla gorilla), baboon (Papio hamadryas), bonnet monkey (Macaca radiata), rhesus monkey (Macaca mulatta) and langur (Presbytis entellus). DNA samples from one chimpanzee and one gorilla were obtained from the Centre for Cellular and Molecular Biology, Hyderabad, India. The remaining monkey samples were obtained from the Primate Research Centre at the National Institute of Immunology, Delhi and Indian Institute of Science Bangalore. Samples from 22 individual bonnet monkeys and 2 individuals of other species were analysed. DNA was isolated from peripheral blood leukocytes of humans and monkeys, using a modification of the salting-out process (Miller et al. 1988 ). Initially, PCR was carried out using primers FP1 (5'-CATATCCTACTTTTGCTACACA-3') and RP1 (5'-AT-GAGTTGAGTTGAGGGATTC-3'), derived from the cDNA sequence of the hClock gene, and was expected to generate a 193 bp fragment. However, when these primers were used on a human genomic DNA template, a product of ~3 kb was generated, indicating that the primers spanned an intron-exon boundary. [At the time when this work was carried out, the report by Steeves et al. (1999) , describing the genomic structure of this gene, had not yet appeared.] This product was completely sequenced and the intronexon boundary was identified. The sequence was deposited as accession number AF260318 in the GenBank database. Another reverse primer, RP2 (5'-CTGTTCACTTAATGCTTAATTTCA-3'), was synthesized from the intronic sequence, which generated a product of 227 bp. All subsequent PCR reactions on human and monkey samples to study repeat length polymorphisms were carried out using the FP1 and RP2 primers. This PCR reaction was carried out using the following cycling conditions: initial denaturation of 94°C for 3 min, 35 cycles of 94°C for 30 s, 58°C for 30 s, 72°C for 30 s, followed by a final extension of 72°C for 10 min. The PCR products were fluorescently labelled by the addition of Fluoro-Green dUTP (Amersham-Pharmacia, Buckinghamshire, UK) to the reaction mixture. Fluorescent products were then sized, using the Genescan software on the ABI Prism 377 Automated DNA sequencer (Perkin Elmer, Foster City, Calif., USA). All sequencing was carried out using the dideoxy chain terminator chemistry on an ABI Prism 377 automated DNA sequencer.
The glutamine repeats at the Clock locus in various species of Drosophila were estimated by sizing PCR products that encompassed the repeat region. Different Drosophila species and strains were obtained from the Drosophila Stock Centre, Dept. of Studies in Zoology, Manasagangotri, Mysore, India and were derived from wild-type strains from various geographical locations. The list of species and strains used, together with the geographical location of origin and sizes of the 'pure glutamine repeat' are given in Table 1 . In all cases, 5 flies from each strain were used to determine the size variation. To extract DNA for PCR, a single fly was taken in a 1.5 ml microfuge tube and mashed with a pipette tip containing 50 µl of the extraction buffer (10 mM Tris-HCl pH 8.2, 1 mM EDTA, 25 mM NaCl, 200 µg/ml of proteinase K). The mix was incubated at 37°C for 30 min, followed by heating at 95°C for 2 min to inactivate the proteinase K. This crude DNA extract was then stored at 4°C, and 2 µl was used in a 25-µl PCR reaction. The PCR primers DCFP (5' ACTGAACTCGGTCGCAGATGCTT 3') and DCRP (5'-GATTACTGCCTCCATTGTAGCTT-3') were designed to flank the repeat region and generated a fragment of 414 bp for 33 pure glutamine repeats. PCR was carried out using the following conditions: initial denaturation of 94°C for 3 min, 35 cycles of 94°C for 45 s, 55°C for 45 s, 72°C for 45 s, followed by a final extension of 72°C for 10 min. To confirm that size variations in the PCR products were due to alteration in the repeat number and not due to flanking sequences, all PCR fragments corresponding to different sizes were sequenced and glutamine-repeat variation was confirmed.
The Clock gene sequences from human (Homo sapiens, accession number. AF011568) chicken (Gallus gallus, accession number AF132531), rat (Rattus norvegicus, accession number AB019258), mouse (Mus musculus, accession number AF000998) and zebrafish (Danio rerio, accession number AF133306) were obtained using the Entrez nucleotide query at http://www.ncbi.nlm.nih.gov, using 'Clock' as the search term, and were used for the comparative analysis of glutamine repeats in these organisms.
Results

CAG repeats at the Clock locus are not polymorphic in humans
We did not observe any variation in the length of the CAG-repeat stretch in any of 190 individuals studied, including patients with bipolar disorder and schizophrenia. All individuals had a continuous stretch of 6 CAG repeats, as reported in the original human Clock sequence. Sequencing of the repeat region from 10 unrelated individuals did not reveal any sequence polymorphism in the 227 bp region amplified.
CAG repeats are longer in most non-human primates when compared to humans
The sizes of the CAG-repeats in the non-human primates examined are shown in Fig. 1 . In all cases the CAG-repeat size was also confirmed by sequencing. Two unrelated samples each of baboon, langur, rhesus monkey and bonnet monkey, and one each of gorilla and chimpanzee, were used in the analysis. The CAG-repeat was longer than in humans in all of the non-human primates studied, except in the baboon samples. In the case of the baboon, an allele of 6 CAG-repeats was observed, similar to that of the repeat size observed in humans. In the rhesus mon- key sample, two alleles were observed with sizes of 7 and 9 CAG-repeats. An alignment of the sequences around the CAG-repeats for the various primates studied is shown in Fig. 1 . All the non-human primates, except the gorilla and the chimpanzee, have a G nucleotide immediately preceding the CAG-repeat stretch. The gorilla, chimpanzee and human have an A nucleotide at this position. This nucleotide variation does not result in any change of amino acid.
CAG repeats at the Clock locus are highly conserved across species and polymorphic in Drosophila An analysis of the Clock gene in other organisms in which the gene has been identified showed that the glutaminerich region is highly conserved and of variable length in different species (Fig. 2) . The glutamine stretch in these organisms is encoded by both CAG and CAA codons and occurs in the C-terminal segment of all the protein sequences. The longest stretches were observed in the zebrafish and D. melanogaster sequences, while the smallest stretches were observed in the human and baboon sequences. In the case of D. melanogaster, a long continuous stretch of glutamine repeats were observed, while in the case of zebrafish, the glutamine-repeat motif was found to be interrupted by non-glutamine residues. We have also determined the polymorphism status of the glutamine repeats in various species and strains of Drosophila derived from different geographic locations. In the different Drosophila species, sizes of the longest continuous glutamine repeat, or the 'pure glutamine' stretch, varied from 28 to 33 repeats. In the case of D. melanogaster, we were able to identify alleles of 33, 29 and 25 repeats in the various strains. In all cases, we have confirmed that size variation was due to variation in glutamine repeat number by sequencing the PCR fragments corresponding to different repeat lengths. All other species of Drosophila had glutamine-repeat motifs similar to that of D. melanogaster and variations in size were due to variations in the number of the 'pure glutamine' stretch. In the case of the D. malerkotliana species, we discovered that the sequence of the PCR product did not match that of the dClock locus and, therefore, this species was not used for further analysis.
Discussion
The human Clock gene is an attractive candidate for a number of disorders in which circadian rhythms play a role (Steeves et al. 1999) . The presence of a CAG-repeat stretch within the gene has also raised the possibility that it might be susceptible to mutation via repeat expansion. The first step towards establishing this hypothesis was to determine whether the repeats were polymorphic in the normal population. No polymorphism was observed in a sample of 190 unrelated individuals studied and all individuals had sizes corresponding to 6 CAG repeats. This sample set also included patients suffering from schizophrenia and bipolar disorder, as these diseases are thought to be associated with both alterations in circadian rhythm and CAG-repeat polymorphism. Instability of trinucleotide repeats at all the other disease loci occur against a background of polymorphic repeats in the normal population, with the disease-causing expansions arising from the large normal alleles derived from this pool (Takano et al. 1998 ). The lack of repeat variation, therefore, makes it unlikely that such a stepwise expansion process is possible at the Clock locus. The stability of the CAG repeats at the Clock locus in the normal population may be the result of one of a number of mechanisms. Either 6 CAG repeats are too small to produce slippage and subsequent length variation, or vari- Fig. 2 Comparison of glutamine repeat number in the Clock gene in various organisms. The number in brackets refers to the length of the glutamine stretch, including nonglutamine interruptions ation in repeat number at this locus is deleterious to the individual and thus not tolerated in the normal population. However, other trinucleotide repeat loci exist with repeat lengths similar to, or even smaller than, that in the Clock locus and exhibit high degrees of polymorphism. These include the SCA1 locus with a range of 6-44 CAG repeats, SCA6 with 4-18 repeats, SCA7 with 4-35 repeats and myotonic dystrophy with 5-37 repeats (Cummings and Zoghbi 2000) . Thus, the small length of the CAG repeats at the Clock locus may not be the sole reason for the lack of variation in repeat number. This would imply that variation of CAG repeats does indeed affect the function of the protein and that such variation may be deleterious. In such a scenario, one cannot exclude the involvement of CAG repeats in the disease process. In the case of oculopharyngeal muscular dystrophy, a small GCG expansion from 6 repeat units to 8 repeat units is associated with the disease phenotype (Brais et al. 1998) . In HOXD13, a gene essential for normal limb development, an alanine repeat not polymorphic in the normal population, shows a modest expansion in individuals suffering from synpolydactyly (Goodman et al. 1997; Muragaki et al. 1996) . Thus, small expansions in other non-polymorphic loci have been shown to have deleterious effects. Recombination has been proposed as a mechanism in the pathological expansion seen in synpolydactyly (Warren 1997) , and a similar event could also occur involving the CAG-repeat/polyglutamine stretch at the Clock locus. Although we have not observed any CAG repeat variations in schizophrenia and bipolar patients, it does not rule out the involvement of other types of polymorphisms in this gene that may play a role in these disorders.
The conservation of the polyglutamine stretch in a large number of organisms indicates that this motif is probably essential for functioning of the clock protein.
There is a striking variation in the length of the glutamine repeats in different species and it is noteworthy that the primate lineage has the smallest lengths amongst all the organisms. It is possible that in humans, and primates in general, long glutamine repeats are not conducive to the proper functioning of the Clock protein and hence these repeats are smaller when compared to other organisms. We have observed a great degree of polymorphism for glutamine repeat number in various species of Drosophila, where repeat number varied from 25 to 33 repeats. Polymorphism of CAG repeats at the Clock locus is thus tolerated in other species. The report that originally identified the Clock gene in D. melanogaster demonstrated alleles of 25 or 33 repeats for the 'pure glutamine' repeat stretch. While these variations did not affect locomotor activity rhythms, subtle effects on such activity, or an influence on other circadian outputs, could not be excluded (Allada et al. 1998) . The glutamine motif is important for the functioning of the Clock protein, as in vitro studies have shown that deletion of part of the glutamine stretch resulted in a reduction of the transcription activation efficiency of the protein (Darlington et al. 1998) . The longer glutamine repeats in the Drosophila Clock protein are in contrast to another important transcription factor gene that contains glutamine repeats, TATA-binding protein (TBP). The Drosophila TBP contains two stretches of continuous glutamine repeats of 6 and 9 residues in its N-terminal region (accession number U35147). This is much shorter than its orthologue in humans, which contains a stretch of 26-42 continuous glutamine repeats, which are also highly polymorphic .
There have been a number of reports that indicate there is directionality in the evolution of microsatellites like the CAG repeats. It has been shown that in the human lineage the number of repeats is usually higher than their homologues in non-human primates (Rubinsztein et al. 1995; Djian et al. 1996) . However, in the case of the Clock locus, we find that the repeat number is lower in humans compared with most of the non-human primates, the reverse of the trend of longer repeats in humans. There is strong circumstantial evidence to suggest that microsatellites, such as CAG repeats, show a mutational bias in favour of longer, rather than shorter, allele lengths (Rubinsztein et al. 1994; Amos et al. 1996; Primmer et al. 1996) . The human lineage would, thus, have begun with shorter microsatellite alleles, comparable to those seen in non-human primates, and in the course of evolution a gradual increase in microsatellite allele length would have occurred. As longer microsatellites are more likely to be polymorphic, the gradual increase in repeat number would also result in the locus exhibiting a greater degree of polymorphism. In the case of the Clock gene, the ancestral CAG repeat appears to be longer than that seen in humans, as evidenced by the repeat number in chimpanzees and other non human primates. Thus, although there is a tendency for an increase in the repeat number at several other loci, the CAG-repeat size at the Clock locus has undergone a contraction during the course of evolution in the human lineage. Such an event could readily be explained if one assumes that an increase in the glutamine number at the Clock locus were to have a deleterious effect on the individual, reducing fitness, and thus be excluded under pressure of natural selection. As shorter repeats are less likely to be polymorphic, the end result of this process would be a short, monomorphic allele at this locus. It is interesting that one of the rhesus monkey samples showed alleles of 7 and 9 repeat units, indicating that the CAG repeat is polymorphic in this species. The fact that we have not observed a polymorphism in the large number of human samples, in spite of the fact that this repeat motif is polymorphic in the rhesus monkey samples, further strengthens our assertion that any CAG-repeat variation at this locus may be tightly regulated and thus invariant in humans.
In conclusion, we have shown that the glutamine repeat stretch in the Clock locus is not polymorphic in humans and is shorter than their homologues in non-human primates. The repeats at this locus are unlikely to produce disease via the step-wise expansion process proposed in the case of other trinucleotide repeat disorders. The lack of polymorphism may indicate that maintenance of the polyglutamine repeat length is essential for the normal functioning of the protein and that repeat variation at this locus is deleterious to the individual and thus not tolerated.
